To elucidate the host transcriptional response to Salmonella enterica serovar Typhimurium, Affymetrix porcine GeneChip analysis of pig mesenteric lymph nodes was used to identify 848 genes showing differential expression across different times after inoculation or when compared to non-inoculated controls. Annotation analyses showed that a high proportion of these differentially expressed (DE) genes are involved in immune and inflammatory responses. T helper 1, innate/inflammatory, and antigen-processing pathways were induced at 24 h post-inoculation (hpi) and/or 48 hpi, while apoptosis and antigen presentation/dendritic cell function pathways were downregulated at 8 hpi. Cluster analyses revealed that most DE genes annotated as NFκB targets were grouped into a specific induced subcluster, while many translation-related DE genes were found in a repressed subcluster. Quantitative polymerase chain reaction analyses confirmed the Affymetrix results, revealing transcriptional induction of NFκB target genes at 24 hpi and suppression of the NFκB pathway from 24 to 48 hpi. We propose that such NFκB suppression in antigen-presenting cells may be the mechanism by which S. Typhimurium eludes a strong inflammatory response to establish a carrier status in pigs. 
Salmonella spp. are among the major causes of bacterial foodborne zoonotic infections [1] , eliciting a variety of diseases, ranging from localized gastroenteritis to a life-threatening systemic disease. One Salmonella enterica host-generalist serovar, Typhimurium, is a gram-negative, facultative intracellular bacterium that has the potential to infect almost all vertebrates including humans, while S. Choleraesuis is host adapted to pigs. S. Typhimurium and S. Choleraesuis are etiologic agents of swine salmonellosis, which causes about $100 million in annual pig production losses nationwide [2] . S. Choleraesuis-infected pigs cause a systemic disease while S. Typhimurium infection in pigs leads to a localized enterocolitis and may establish a carrier state [3] . In addition, serovar Typhimurium isolated from pigs has been shown to harbor multidrug resistance [4] .
S. Typhimurium-carrier animals are major threats to food safety because of the subclinical nature of the infection. Human gastrointestinal salmonellosis is caused by consumption of contaminated meat, raw milk, or eggs [5, 6] . Consumption of pork is responsible for 14.6% of all known causes of foodborne illness outbreaks in the United States [7] . There are about 1.4 million cases of human nontyphoid salmonellosis in the U.S. and about 600 Salmonella-associated deaths occur each year [6] .
S. Typhimurium infection in mice causes a systemic disease similar to human typhoid fever; thus, a murine infection model has been extensively exploited to study systemic Salmonella infection in humans [8] . However, S. Typhimurium infection in pigs usually causes enterocolitis which is similar to gastroenteritis in humans. On this basis, swine are regarded a good model for investigating enteric salmonellosis in humans [8, 9] .
Mesenteric lymph nodes (MLN) are the largest lymph nodes in humans and other animals and play an important role in immune defense against bacterial pathogens as one of the components of gut-associated lymphoid tissues (GALT). Recently, host gene expression change profiles in response to S. Choleraesuis infection have been conducted in pigs not only in the lung [10] , the mucosa [11] , and the ileum and jejunal epithelial cells [12] but also in the GALT: mesenteric lymph nodes [13] and Peyer's patch [14] . Substantial research has also been performed on the host gene response to S. Typhimurium in different species and cell lines [8, [15] [16] [17] . However, genomewide approaches to study the porcine MLN immune response to S. Typhimurium infection and to identify the ways in which these bacteria attempt to thwart this response have not been reported.
As S. Typhimurium is a major food safety problem, and its infection in pigs is a model of choice for human gastrointestinal research, we investigated host immune response to S. Typhimurium in the pig. A first-generation Affymetrix GeneChip Porcine genome array, which contains oligonucleotide probesets representing approximately 23,256 transcripts from 20,201 Sus scrofa genes, was used to profile the gene expression in porcine mesenteric lymph nodes over a time course of infection with S. Typhimurium, including the acute (8 h post-inoculation (hpi), 24 hpi, 48 hpi) and chronic (21 days postinoculation (dpi)) stages of infection. The acute stage of infection was defined by the clinical manifestations and the increase in serum IFNG and TNFα levels from infected pigs occurring up to 7 days post-infection [18] . Our objectives were to (1) identify and examine the stereotypical gene expression response within host MLN to S. Typhimurium infection, (2) characterize global host responses by revealing the specific features of the host's innate immunity pathways, and (3) explore whether and how S. Typhimurium may escape the host immune response and develop into a carrier state. These studies should expand elucidation of the host-pathogen interaction globally and provide additional characterization of a valuable biological model for human nontyphoid salmonellosis.
Results

Transcriptome analysis
The transcriptome of non-infected pig MLN was determined and 14,711 probesets detected expression in this tissue. The total number of genes expressed in infected MLN for at least one time point during S. Typhimurium infection was also calculated. Expression was detected for 16,123 transcripts (70% of all probesets) in MLN during infection, and a total of 16,229 transcripts was expressed in infected and non-infected porcine MLN (Supplementary Table 1 ). To elucidate the biological processes in which these genes are involved, gene ontology (GO) annotation was performed with the 16,229 transcripts using our own GO-slim which was built with the most relevant terms for immune response in the biological process category of the GO database (Fig. 1) . The results revealed that greater than 5000 probesets were assigned specific GO terms. A significant number of these genes were thus annotated as being involved in cellular metabolism, signal transduction, development, cell differentiation, and cell motility; additional genes were assigned GO terms related to immune response, cell migration, and cell adhesion, cell proliferation, and inflammatory response.
Differentially expressed (DE) gene analysis during infection
To elucidate the global transcriptional response during infection, pairwise comparisons between all 10 time points during infection were calculated. Results showed that 848 genes had p values <0.01 and fold change estimates (fc) > 2 (q < 0.24) in at least one of the pairwise comparisons (listed in Supplementary Table 2 ). Of these DE genes, 520 transcripts were matched to human Refseq entries by BLAST sequence similarity analyses, while the other 38% of transcripts were non-annotated. The numbers of genes declared as differentially expressed genes at each time point compared to non-infected animals (8 h-C, 24 h-C, 48 h-C, 21 day-C) are shown in Fig. 2 .
GO annotation mapping of the 848 genes revealed that, in comparison to the global transcriptome GO term assignment, the proportion of genes in the 848 DE gene list which were assigned GO terms associated with cellular metabolism, development, and cell motility was slightly decreased (Fig. 1) . On the other hand, the genes assigned GO terms for immune response, innate immune response, inflammatory response, and defense response were significantly (p < 0.05) enriched in our 848 differentially expressed genes (Supplementary Table 2 ). Fig. 1 . Biological process gene ontology (GO) categorization of the porcine MLN transcriptome and detected 848 DE genes (p < 0.01, fc > 2, q < 0.24). All 16,229 transcripts which were expressed in infected and noninfected porcine MLN and 848 detected DE genes were annotated using our specific GO-slim. Statistical significance of p < 0.05 and p < 0.01 are denoted with an asterisk (* and **). The x-axis represents each GO category and the y-axis shows the gene percentage of each GO category with regard to the MLN transcriptome or the declared DE genes.
The proportion of genes with other biological processes/functions assigned to them, such as cell adhesion and cell migration, was also increased during the infection, but these increases were not statistically significant (Fig. 1 ).
Pathway analysis
During bacterial infection, T lymphocytes will eventually encounter antigens that are carried from sites of infection to the lymph nodes by antigen-presenting cells, primarily macrophages and dendritic cells. Extensive cell migration into or out of the lymph node could cause changes in the RNA profile of the MLN, and these RNA changes might be erroneously interpreted as an RNA expression response to infection within resident tissue cells. To assess whether the observed differences in gene expression during infection are due to cellular migration, the expression levels of cell-type markers for T cells, macrophages, dendritic cells, and granulocytes, whose expression levels are not expected to change during infection, were analyzed (Fig. 3A) . No significant changes in RNA levels for these marker genes were detected, and thus no evidence of significant cell migration was found. These data suggest that the majority of the RNA abundance differences observed were not due to significant changes in the abundance of specific cell types in the MLN but are likely representative of specific transcriptional or post-transcriptional responses within cells.
To further investigate the immune-related pathways activated during infection, the expression pattern of specific genes known to be involved in specific immune pathways was analyzed. The expression patterns of these genes are displayed in Fig. 3B and serve as markers for the immune-related pathways, as discussed in the following.
Th1 and Th2
Results showed that the known Th1-related genes IFNG, IRF1, SOCS1, STAT1, and WARS were significantly upregulated at 24 and/or 48 hpi (Fig. 3B ), while Th2-related genes, IL4 and IL13, were downregulated or unchanged respectively at all time points. These data suggested that S. Typhimurium elicited primarily a Th1-associated response within the MLN during infection.
Innate immunity/inflammation/apoptosis pathways Genes known to be involved in innate/inflammatory/apoptosis pathways, such as IL8, IL6, SLC11A1, IL1B, TGM1, and TGM2, were upregulated to different extents at 24 and/or 48 hpi, although the IL6 and IL8 responses were not statistically significant. Some genes in these pathways, such as innate/ inflammatory (IL8, TLR4, IL6) and apoptosis (CASP1, CASP4, GZMB), were found to be downregulated at 8 hpi and/or 21 dpi during infection. All responses except those for IL8 were statistically significant.
Antigen processing and presentation pathways
Two antigen-processing related genes, PSMB8 and PSMB10, did not change their expression levels significantly. However, TAP1, which is known to be involved in antigen processing, was significantly upregulated at both 24 and 48 hpi. Another gene from the same gene family, TAP2, was induced at 48 hpi but did not reach a statistically significant level above the negative control.
It is interesting that several markers which are known to be involved in activation of the antigen presentation pathways (CD80 and CD86) were downregulated significantly at 8 hpi. Another gene involved in antigen presentation, CD209, which is also named DC-SIGN and expressed almost exclusively in dendritic cells, showed significant downregulation at 48 hpi and 21 dpi.
Hierarchical cluster analysis
To define sets of genes with a specific response to S. Typhimurium, we used hierarchical clustering to construct a heat map based on the expression pattern of the 848 genes that were declared to be differentially expressed (p < 0.01, fc > 2, q < 0.24) (Fig. 4) . At the highest level, these genes could be grouped into two distinct clusters: an induced gene cluster and a repressed gene cluster. Both clusters could be further refined into several subclusters, which are represented by bar graphs based on the centroid values of the gene cluster for better visual representation (Fig. 4) . Genes that make up each subcluster can be found in Supplementary Table 2 .
Eighty-six genes, including some important immune-related genes, such as IL10, PTGS1, CXCL2, CD163, GZMB, and TREM1, represent the first subcluster of the induced cluster. Genes in this subcluster were significantly downregulated at 8 hpi but raised their expression at 24 and 48 hpi to levels comparable to those of the non-infected pigs (Fig. 4 , subcluster 1) before decreasing expression by 21 dpi. The expression pattern of the second subcluster, which included SCARB2, SAA1, CCR5, and CIDEB, was similar to that of the first subcluster, except that genes were significantly induced at 48 hpi (Fig. 4, subcluster 2) . One specific subcluster of 129 induced genes (subcluster 3) showed a significant and strong induction from 8 to 24 hpi and a downregulation from 24 to 48 hpi. Most genes in this subcluster are annotated as NFκB target genes [19] , (also see http://www.nf-kb.org), cytokines and chemokines, and INFG-induced genes, indicating that the mRNA response of these important pathways in the host occurred at 24 hpi. Genes in subcluster 4 were upregulated at both 8 and 24 hpi but returned to the levels of the non-infected controls by 48 hpi and 21 dpi. This subcluster included some NFκB-related genes, such as CEBPD, EDN1, and CCL2. The last induced subcluster included 54 genes that were upregulated at both the acute and the chronic stages of infection compared to genes of non-infected animals. This subcluster included 22
annotated genes, such as FGF2, FBXO44, and NAV2 (Fig. 4 , subcluster 5).
Because many NFκB targets and immune-related genes were identified in subcluster 3, additional GO annotation of these genes was performed. Of 129 genes in subcluster 3, 80 genes had significant sequence similarity to human Refseq entries, based on our BLAST results (Table 1 ). We found that 22 genes Fig. 4 . Hierarchical clustering analysis of 848 declared DE genes during S. Typhimurium infection. The heat map was built using Gene Cluster 3.0 software and the detailed subclusters 1-10 were constructed in Gene Cluster 2.0 using centroid values. Red represents downregulation and green shows upregulation for differentially expressed genes (p < 0.01, fc > 2, q < 0.24). The x-axis of each subcluster is the time point and the y-axis represents the centroids value. The number of genes that make up each subcluster is listed in parentheses. were known NFκB targets and an additional 19 genes had GO annotation that indicated involvement in immune response and infection. Twenty-two genes in this subcluster had diverse GO annotations, such as binding, metabolism, and protein transport, while 8 genes with human RefSeq similarity did not have any GO annotation ( Table 1) .
The repressed gene cluster also had several subclusters (Fig.  4) . Ninety-five genes, including 2 G-protein-related genes (SRGAP3 and RGS5), C3, and MAP3K1, had a large decrease in expression from 8 to 24 hpi, returning to the levels of the noninfected pigs by 48 hpi (Fig. 4, subcluster 6 ). One subcluster of 94 genes (subcluster 7) had decreased expression levels at 8 and 24 hpi, after which RNA levels returned to those seen in the noninfected animals by 48 hpi. This subcluster included many ribosomal protein genes, eukaryotic translation initiation factor 5A (EIF5A), and elongation factor 1 alpha 1 (EEF1A1). An additional subcluster of 55 genes (subcluster 8) had a lower expression pattern at the acute stages of infection compared to noninfected animals. Genes in subcluster 9 were downregulated significantly from 24 to 48 hpi. A final subcluster of 84 genes (Fig. 4 , subcluster 10) represented genes that were downregulated at both 24 and 48 hpi and then upregulated from 48 hpi to 21 dpi. Subclusters 8, 9, and 10 were a diverse set of known genes, without an obvious overrepresentation of any pathway.
Additional annotation was performed for all genes in the induced (subclusters 1-5) and repressed (subclusters 6-10) clusters using the GO term mapping method that we created. Fig. 5 shows that genes which have the GO terms of cellular metabolism, immune response, and inflammatory response were overrepresented in the induced cluster compared to the repressed cluster (Fig. 5 ).
NFκB signaling pathway target genes investigation
Common regulators of genes in induced and repressed clusters were further examined by using Pathway Studio software (Ariadne Genomics Co., Rockville, MD). Using the GenBank accession number of the human ortholog for the DE genes and text-mining analysis, common regulators of genes in the induced and repressed clusters were identified based on knowledge about molecular interactions reported in the scientific literature. Results showed that the NFκB complex, as a common regulator, was connected directly to 28 genes from the induced cluster and to 4 genes (CTGF, MAP3K1, CAV1, IGF1) from the repressed cluster (Fig. 6 ). Of these 32 genes, 17 (JUNB, SELP, IL8, IL6, IL1A, IL1B, PTGS2, IFNG, SOD2, STAT1, IRF1, CXCL2, CCR5, IL10, CCR5, CCL2, and SAA1) have been identified as NFkB target genes (http://bioinfo.lifl.fr/NF-KB/) and 9 genes (JUNB, IL1B, IRF1, SOD2, IFNG, STAT1, IL6, PTGS2, and SELP) are present in subcluster 3 as shown in Table 1 .
Q-PCR analysis of differentially expressed porcine genes
To confirm the differentially expressed genes declared from our microarray analysis and to focus on the apparent suppression of NFκB pathways from 24 to 48 hpi by S. Typhimurium, a panel of 22 genes was selected for real-time PCR analysis and validation for early response expression (8, 24 , and 48 hpi). These genes included 18 known NFκB target genes (IL1A,  IL15, CCL2, CCL3, CXCL5, PPBP, GBP1, GBP2, PTX3,  NFKBIA, JUNB, NFKBIZ, CD14, ICAM1, TLR2, GZMB,  TAP1 , and CCR5), one T cell marker gene (CD4), and one macrophage marker gene CD163. In addition, although we did not find any oligonucleotide set representing TGM3 gene on the Affymetrix microarray, Q-PCR was conducted for this gene because previous research showed that it was strongly induced in lung by S. Choleraesuis infection [10] . TREM1 was also selected for Q-PCR validation because our microarray data showed that its expression pattern is similar to those of known NFκB target genes, although no reports have shown that TREM1 is an NFκB-regulated gene.
Real-time PCR results are in Table 2 and Fig. 7 . Comparison of the Q-PCR results with the microarray data demonstrated that 19 of 21 genes had statistically significant expression patterns which were similar to those seen in the microarray data, indicating that our microarray data are highly reliable and accurate. The Q-PCR results for TGM3 showed a peak response at 24 hpi with a fold change of 69 and had an expression pattern similar to those of TGM1 and TGM2 in the MLN during infection (Fig. 3B) .
Discussion
Although systematic analysis of the porcine transcriptional response to infection with various pathogenic microorganisms using microarray technology [10, 14, [20] [21] [22] or large-scale quantitative PCR methods [23] has been reported, this study is the first to report data using the Affymetrix GeneChip Porcine Genome Array and Q-PCR to investigate the transcriptional response to S. Typhimurium infection. Our results showed that the MLN transcriptomes from non-infected and infected pigs were significantly interrogated by this approach, as expression of more than 16,000 transcripts was reproducibly detected in this analysis. The GO consortium provides a defined vocabulary of gene functions in cells [24] , and GO terms are now widely accepted as a useful means to annotate gene array elements. To elucidate the biological processes in which these transcripts are involved, a reduced GO vocabulary (GO-slim) that concentrates on host immune response was established and used for GO annotation analysis. Results showed that more than 1/3 of the transcriptome ( > 5000 probesets) were annotated using the specific GO terms that we selected. Thus we believe that the expressed transcripts in this study represent a high proportion of the porcine genomic response to Salmonella infection within MLN and that the GeneChip Porcine Genome Array is a very powerful tool to detect host transcriptional defense against bacterial pathogens.
Statistical analysis of differential expression revealed 848 genes with altered expression levels across one or more of the 10 possible pairwise comparisons during infection. Many annotated genes were found to overlap with those that have been implicated in the host response to infection [25] and are discussed below. GO annotations were also determined for these genes. Compared to the transcriptome GO term totals, as expec- ted, the number of genes among our 848 DE gene list that were annotated as being involved in immune response, innate immune response, and inflammatory response pathways was dramatically increased (Fig. 1) . These data may be useful in finding novel genes controlling immune response in the pig and other mammals, including human. Further, the DE genes identified in this study, both genes with known immune function and those with unknown function, are useful candidate genes for investigating the association between immune-related traits and genetic variation. Polymorphisms at these candidates might be valuable markers for enhancing disease resistance, pig health, and food safety by molecular breeding methods.
Pathway analysis
Infection of swine with S. Typhimurium elicited a Th1-type response at early time points, as shown by IFNG stimulation and by induction of some IFNG-signalingresponsive genes, such as SOCS1, STAT1, WARS, and IRF1 (Fig. 3B) ; this is consistent with the results from Salmonella infection studies in mouse [26] and S. Choleraesuis infection in pigs [10] (Y. Wang et al., unpublished data). However, of interest is that both IL12A and IL12B were downregulated in our study (Fig. 3B) . A low expression level of IL12 has been reported in the porcine response to reproductive and respiratory syndrome virus [27] and it has been observed in a Q-PCR analysis in porcine MLN during infection (J.J. Uthe et al., unpublished). The function of IL12 during Salmonella infection appears to be complex [8] ; moreover, pig IL12 only weakly stimulates swine cells, with poor upregulation of IL12R [28] . IL12, which has been shown to have IFNG-inducing properties [29] , has also been described as having a role in maintaining rather than inducing IFNG by T cells during Salmonella infection [30] . In addition, IL18, another gene that is thought to have IFNG-inducing properties, was downregulated at 21 dpi and IL18 expression was not changed at other time points. Suppression of IL18 expression was also observed in Salmonella-activated murine macrophages and in Salmonella-infected mice [31, 32] . Therefore, we predict that lack of activation, or even suppression of, IL12 and IL18 expression during S. Typhimurium infection might stifle IFNG induction and affect the host defense against Salmonella. The IL4 gene, which initiates the primary Th2 response, was downregulated significantly in porcine MLN during infection, and IL13, which also predominately drives a porcine Th2 response, did not change its expression level significantly. These results indicate that the Th2 response was suppressed at the early stages of infection. Fig. 3B shows that several genes which are involved in innate immunity/inflammatory (IL6, IL8, IL1B) and apoptosis (CASP1 and TGM1) pathways, displayed specific expression patterns; they were induced in response to S. Typhimurium infection at 24 and/or 48 hpi but not changed or downregulated at 8 hpi and 21 dpi. Of note is the SLC11A1 gene, also named NRAMP1, which has been reported to play an important role in controlling the replication of intracellular bacteria and resisting Salmonella infection in mouse and chicken [33] . SLC11A1 was upregulated significantly at 24 and 48 hpi in porcine MLN, consistent with the results from S. Choleraesuis infection in pig lung [10] , and induction of SLC11A1 expression in porcine MLN during S. Typhimurium infection has recently been confirmed by Q-PCR analysis [18] . TLR4, the early lipopolysaccharide (LPS) sensor responding to a broad range of microbes, did not show a dramatic change in expression during infection. Its expression level was elevated 1.4-fold (p = 0.045) at 24 hpi but was downregulated significantly at 21 dpi. Significantly increased expression of TLR4 at 48 hpi was observed in porcine lung and MLN during S. Choleraesuis infection [10] (Y. Wang et al., unpublished data). Our data suggested that weak and transient induction of TLR4 might be one of the reasons that the pig host lacks a strong inflammatory response during S. Typhimurium infection.
In our study, apoptosis-related genes such as CASP1, CASP3, CASP4, and GZMB were downregulated at an early stage of infection, which indicates that S. Typhimurium might interfere with cell death signaling, thereby increasing its chance to survive. Downregulation of proapoptotic genes in early infection was also observed in human alveolar macrophages infected with virulent Mycobacterium tuberculosis [34] . In addition, TGM1, TGM2, and TGM3, which are members of the transglutaminase gene family and may be involved in apoptosis [35] , showed quite similar expression patterns during infection in our study: they were significantly upregulated at 24 and/or 48 hpi, while no change in expression or downregulation was observed at 8 hpi and/or 21 dpi compared to noninfected pigs. In comparison to the response of TGM3 to S. Choleraesuis in the porcine lung where strong induction was seen at 48 hpi [10] , TGM3 reached a peak response at 24 hpi (with fold change of 69 compared to noninfected animals in Q-PCR analysis). Although the role that these transglutaminase genes play in inflammation and apoptosis is not yet clear, recent evidence demonstrates that increased TGM2 activity can trigger NFκB activation without NFKBIA kinase signaling [36] . The TREM1 gene encodes a newly discovered cell surface molecule expressed on neutrophils and some monocytes [37] , and its overexpression can amplify the TLR-initiated responses to bacteria [38] . It has been reported that the expression level of TREM1 in bone marrow cells derived from S. Typhimurium-infected pigs was upregulated at 8 and 24 hpi but dramatically downregulated at 48 hpi [39] , which is not consistent with our data (Fig. 7) . The difference in expression levels during S. Typhimurium infection in the porcine MLN and bone marrow cells could easily be due to different responses of gut tissue versus bone marrow cells to this pathogen.
Antigens must be processed into peptides before they can be presented to naïve T cells by MHC molecules on antigen-presenting cells. Two genes involved in antigen processing, TAP1 and TAP2, exhibited an increased expression level early in the infection in our study, which is consistent with the gene expression patterns observed in the porcine lung during S. Choleraesuis infection [10] . These data illustrate that the antigen-processing pathway was activated in response to S. Typhimurium. Interestingly, two cell surface molecules involved in antigen presentation, CD80 and CD86, were downregulated early in infection, and no expression differences with respect to noninfected pigs were observed at late stages. The specific dendritic cell (DC) function gene, CD209 (DC-SIGN), was downregulated significantly at 48 and 21 dpi. These data suggest that the porcine DC-mediated antigen-presentation pathway was impaired during infection, which is consistent with the conclusion from other researchers that antigen presentation by murine DC cells can be directly inhibited by S. Typhimurium [40, 41] . Thus we predict that, as in the mouse, subversion of DC function in the pig by S. Typhimurium may prevent efficient stimulation of T cell proliferation, and this may be crucial for survival of the pathogen by escaping DC-mediated antigen presentation. It is interesting, however, to note that S. Typhimurium in the mouse is able to develop a systemic infection, presumably through early interference of DC function, while S. Typhimurium infection in the pig is contained within the gut and in gut-associated lymph tissue. Nevertheless, the DC evasion may play a role in the carrier status of Salmonella in swine, although the specific site(s) of carriage have not been clearly resolved.
Cluster analysis
The 23,256 transcripts on the porcine genome array have not been completely annotated because of limited availability of full-length porcine cDNA and because many human/mouse genes do not have functional annotation. Gene clusters created by grouping genes of similar expression patterns can help not only to annotate "unknown genes" with coexpression data to "known genes" in the same cluster but also to characterize gene network regulatory mechanisms involved in infection response. In this study, hierarchical cluster analysis was performed using the 848 genes that were differentially expressed in at least one pair of time points in the infection. Two large clusters were identified at the highest level: an induced cluster and a repressed cluster. Many genes in the induced cluster were annotated with immune response and inflammatory response terms, which is consistent with the results from the pig response to S. Choleraesuis infection, where a higher proportion of immune-response-related genes was found in induced gene clusters than in repressed gene clusters [10] . These data indicate that induction of gene expression (rather than repression) is a main indicator of immune response during infection. One of the features of the early host response to infection that we observed is the repression at 8 and 24 hpi of some genes that are involved in ribosome assembly and maintenance or in translation initiation and elongation. This effect is similar to the response to LPS in skeletal muscle of neonatal and adult pigs [42, 43] , to the response to endotoxin in human blood leukocytes [44] , and to the porcine MLN response to S. Choleraesuis (Y. Wang, et al., unpublished data), where a large number of genes involved in translation were repressed. This might be evidence that an early effect of S. Typhimurium on the host is suppression of translation. Genes found in subclusters 1, 2, and 3 ( Fig. 4) are clearly involved in Th1, innate/immune response, and apoptosis pathways (Fig. 5) . Eighty genes in subcluster 3, with similarity to human RefSeq entries, were further analyzed by GO annotation. We found not only that many NFκB targets and immune-related genes were in this subcluster but also that metabolic-and bindingrelated genes were present. As these genes exhibited an expression pattern similar to that of NFκB target genes, such genes might play an important role in host response to bacterial infection. Future analysis of these genes may help to extend the knowledge of host immune response into additional cellular processes such as cell proliferation and cell metabolism, as marked by these genes.
To further analyze the genes in these subclusters, genes in the induced cluster (subclusters 1-5) were subjected to Pathway Studio literature-mining software analysis to find common regulators of these genes. Results showed that the NFκB complex can be linked to many of these genes and that this signaling pathway is centrally involved in the response to Salmonella infection in the pig (Fig. 6 ). Of these NFκB-related genes, 17 have been previously identified as NFκB direct targets (http://bioinfo.lifl.fr/NF-KB/) and 9 NFκB target genes were grouped in subcluster 3 based on their expression patterns as shown in Table 1 . In addition, 19 genes with immune annotation and other genes which have not been shown to be involved in immune function were grouped in the same subcluster with known NFκB target genes due their similarity in expression patterns. Therefore, we predict that some of these genes might be NFκB target genes; experimentation to test such relationships will be needed to confirm this hypothesis.
The expression profiles for 18 NFκB target genes were further confirmed by Q-PCR analysis. We found that NFκB signaling was transiently activated from 8 to 24 hpi during S. Typhimurium infection but not from 24 to 48 hpi. This might result in either a lack of stimulation or a downregulation of many innate immune-related genes of the host. Known NFκB-regulated genes, which harbor the NFκB regulatory element sequence within their promoter region in other species, such as IL1A, IL15, CXCL5, CCL2, CCL3, ICAM1, and many other NFκB-dependent genes, TLR2, GZMB, and PTX3, etc., exhibited this expression pattern. Our data allow us to suggest that the rapid but transient induction of NFκB pathways in cells responding to S. Typhimurium infection may allow the bacteria a greater chance to survive.
What causes an early repression of the NFκB pathway in the S. Typhimurium-infected gut is not clear. Recently, some researchers have presented evidence that intracellular Salmonella are able to attenuate the host's immune response by shutting down NFκB signaling [45] . How S. Typhimurium interferes with activation of NFκB remains unclear, although some investigations have shown that two S. Typhimurium translocated leucinerich repeat effector proteins, SspH1 and SptP, can inhibit NFκB-dependent gene expression [46] . In this context, we assessed the expression levels of NFKBIA (IkBα) and NFKBIZ (IkBz) genes during infection, as the expression of both these inhibitory genes are activated by NFκB in a negative feedback loop, which provides an effective mechanism for controlling NFκB activity [47, 48] . Both our microarray and Q-PCR data showed that both genes did not change their expression level compared to noninfected pigs, indicating that NFκB activity undergoes an early and highly transient stimulation in porcine MLN during S. Typhimurium infection that is suppressed without demonstrable feedback inhibition. Statistical significance (p < 0.05) is denoted with an asterisk (*). †TGM3 showed dramatic increases in porcine lung during S. Choleraesuis infection; thus TGM3 was also selected for Q-PCR analysis. ‡Even though TREM1 is not a known NFκB target gene, it was selected for Q-PCR analysis due to its expression pattern being similar to that of NFκB-dependent genes.
Our study has attempted to investigate the features of host gene expression profiling during S. Typhimurium infection at the acute and chronic infection stages and to explore the mechanism by which S. Typhimurium can escape from the host immune response and develop a carrier state in the host. In conclusion, by using the Affymetrix porcine GeneChip, 848 differentially expressed genes were identified in porcine MLN during infection and several specific features of host response were revealed by gene cluster and pathway analysis. Our data are the first reported from studies to investigate global host responses to S. Typhimurium in porcine MLN, and this new study provides data applicable for studying enteric salmonellosis of pigs and humans.
Materials and methods
Experimental animals and tissue collection
Fifteen piglets from Salmonella spp.-free sows were weaned at 10 days (d) of age, shipped to the National Animal Disease Center, Ames, IA, and raised in isolation facilities. To confirm that all piglets were free of Salmonella spp. prior to challenge, bacteriological cultures were performed twice on rectal swabs before the experiments. At 7 weeks of age, 3 pigs were randomly allocated to the noninfected group and 12 to the infected group. The 3 noninfected control pigs were necropsied 2 days prior to experimental infection. On day 0, pigs in the infected groups were intranasally challenged with 1 × 10 9 colony-forming units of S. Typhimurium χ4232. A randomly chosen group of 3 infected pigs was necropsied at each time point of 8 hpi, 24 hpi, 48 hpi, and 21 dpi. Tissue samples from the MLN were collected and immediately frozen in liquid nitrogen. Total RNA was isolated from ∼200 mg of these samples by using the RNeasy Midi kit with on-column RNase-free DNase digestion (Qiagen, Valencia, CA) based on the manufacturer's protocol. The integrity, quality, and quantity of RNA were assessed using the Agilent Bioanalyser 2100 and RNA Nano 6000 Labchip kit (Agilent Technologies, Palo Alto, CA).
Microarray hybridizations and data analysis
Five micrograms total RNA was used for first-and second-strand cDNA synthesis according to manufacturer instructions (Affymetrix, Inc., Santa Clara, CA). The double-stranded cDNA was purified and tested on an Agilent Bioanalyser 2100 and served as a template for the subsequent in vitro transcription (IVT) reaction for cRNA amplification. Labeling with cRNA biotin was performed by the GeneChip One-Cycle target labeling kit (Affymetrix; Expression Analysis Technical Manual). Quality of the labeled cRNA was tested on an Agilent Bioanalyser 2100. Subsequently, labeled cRNA was fractionated and hybridized with the GeneChip Porcine Genome Array according to the standard procedures provided by the manufacturer. Chips were washed and stained with a GeneChip Fluidics Station 450 (Affymetrix) using the standard fluidics protocol. Chips were then scanned with an Affymetrix GeneChip Scanner 3000 (Affymetrix).
MAS 5.0 (microarray analysis system 5.0, Affymetrix) default normalization methods were used to obtain the expression measure for each probeset. Logarithms were then taken on these expression measures. The median of the log expression measures for each chip was then subtracted from all the log expression measures on the same chip. Differentially expressed genes were identified by analyzing these normalized data using a general linear model in SAS (SAS Insititue, Cary, NC) on a gene by gene basis. The statistical model for gene g was y ijg = μ g +T ig +ε ijg , where y ijg is the log of the normalized signal for gene g, μ g is an intercept term for gene g, T ig is the fixed effect of the ith time point on expression of gene g, and the ε ijg values are independently normally distributed random errors with mean 0 and gene-specific variances. An F test for differences in expression across all of time points during infection and t tests for all 10 pairwise comparisons among the five treatment groups (noninfected, 8 hpi, 24 hpi, 48 hpi, and 21 dpi) were conducted as part of the analysis for each gene. This yielded 11 sets of p values for the effect of infection. Each set of p values was converted to a set of q values using the method of Storey and Tibshirani [49] . The largest q value in a list of genes declared to be differentially expressed provides an estimate of the upper bound of the positive false discovery rate associated with the list. The microarray data have been deposited in the NCBI GEO database (Accession No. GSE7313).
Transcriptome determination
Affymetrix GeneChip porcine genome array probeset contains 11 paired perfect match (PM) and mismatch (MM) 25-mer probes, which are used to determine whether a given gene is expressed and to measure the gene expression level. The probe-pair (PM-MM) data were used to estimate the detection call (present call, marginal call, and absent call) by MAS 5.0 (Wilcoxon signed rank test). A probeset is called present when significantly more PM oligonucleotides show higher hybridization signal than their corresponding MM oligonucleotides. Transcripts which showed a present call for all three noninfected animals were counted in the transcriptome of porcine MLN tissue. Transcripts which showed a present call for all three replicates at least one time point during infection were counted as the transcriptome of infected porcine MLN tissue.
Cluster analysis
A total of 848 genes that were found to be differentially expressed (p < 0.01, fold change >2, and q < 0. 
GO-slim creation and GO annotation of Affymetrix probesets
A set of high-level GO terms (including cell adhesion, cell communication, signal transduction, cell differentiation, cell motility, apoptosis, cell migration, cell proliferation, cellular metabolism, development, growth, immune response, innate immune response, inflammatory response, and defense response) which represent the host response categories in biological process was selected by using OBO-Edit, which is part of the go-dev software provided by GO at Sourceforge (https://sourceforge.net/project/showfiles.php%3Fgroup_id% 3D36855%26package_id%3D33201). Using the selected GO terms as input for go-show-paths-to-root.pl from go-dev, all the pathways from the desired GO terms to the root of the DAG-all were used to create a valid OBO file using the original GO OBO flat file.
To assign the GO terms to the probesets on the Affymetrix array, the Affymetrix consensus sequences were used to BLAST against the mouse NCBI's RefSeq database. The highest scoring hit was used as the best hit (minimum e value ≤ 1e-10), and the corresponding GO terms were transferred from the mouse RefSeq sequences to the Affymetrix consensus sequence. Thus, 10,280 probesets on the GeneChip porcine genome array were assigned GO terms by Gene Ontology (www.geneontology.org). We further developed Perl scripts to create association files between interesting gene lists and corresponding GO terms for later use. Finally, specific GO-Slim, the full GO OBO flat file, and the association file of interesting genes, the map2slim script provided in go-dev, were used to count the number of times that a gene of interest was assigned a particular GO term. Fisher's exact test was used to estimate differences of each GO category in transcriptome and 848 differentially expressed genes (p < 0.01, fold change > 2, and q < 0.24) and between genes from induced and repressed clusters.
NFκB pathway analysis
Pathway Studio 4.0.7 software (Ariadne Genomics Inc., Rockville, MD), which uses text-mining of scientific literature to identify interactions, was used to analyze and provide knowledge about molecular interaction networks. The software accepts human RefSeq ID as input, so the human RefSeq IDs were obtained by a blastall of the individual Affymetrix porcine consensus sequences against the entire RefSeq RNA and protein databases. An e value cutoff of 1e-10 was used for the RNA database and of 1e-5 for the protein database, along with a pattern match to the key word homo. The resulting file was parsed to obtain the human RefSeq IDs. Then, the human RefSeq IDs (for known porcine orthologs) of genes in the induced cluster and repressed cluster based on gene cluster analysis were used in this software to find common regulators (complex and protein only) of the gene list. Genes which had a direct connection with the NFκB complex were identified and were considered to be part of the pathway(s) controlled by NFκB.
Real-time quantitative PCR to analyze differentially expressed genes
Real-time quantitative PCR technology was used to verify the differential expression of 21 genes in early response stages (8, 24 , and 48 hpi), as identified by the microarray. We also analyzed the expression of the TGM3 gene, which has not yet been annotated on the microarray. RPL32, a reference gene for highabundance gene transcripts, was selected as a positive control. Total RNA was isolated from the MLN of the three noninfected pigs and the three infected pigs at each time point of 8, 24, and 48 hpi and reverse transcribed to cDNA using Superscript reverse transcriptase (Invitrogen, Carlsbad, CA) and oligo(dT) as previously described [23] . Real-time PCR was performed with 100 ng cDNA (RNA equivalent)/25 μl reaction/well using the Stratagene Brilliant kit (La Jolla, CA) on an ABI PRISM 7700 Sequence Detector System (Applied Biosystems). PCR conditions were 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min, then 4°C. All probes and primers for real-time TaqMan PCR were designed as previously described [23] . The interpolated number (C t ) of cycles to reach a fixed threshold above the background noises was used to quantify amplification. The fold change in expression of the target gene was calculated as 2
ΔCt , where ΔC t is the difference between average C t values for the control and infected pigs. Resulting Q-PCR data were analyzed by one-way ANOVA, on a gene-by-gene basis, that compared C t values obtained from the noninfected and postinfection samples, using JMP 5.0 Software (SAS Inc.). Fisher's LSD post hoc test was applied to assess differences between groups of pigs at different time points postinfection. A value of p ≤ 0.05 was considered statistically significant.
